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Abstract: In the past decades, quantum plasmonics has become an active area due to its 
potential applications in on-chip plasmonic devices for quantum information processing. 
However, the fundamental physical process, i.e., how a quantum state of light evolves in the 
photon-plasmon conversion process, has not been clearly understood. Here, we report a 
complete characterization of the plasmon-assisted extraordinary optical transmission process 
through quantum process tomography. By inputting various coherent states to interact with the 
plasmonic structure and detecting the output states with a homodyne detector, we reconstruct 
the process tensor of the photon-plasmon conversion process. Both the amplitude and phase 
information of the process are extracted, which explains the evolution of the quantum-optical 
state after the coupling with plasmons. Our experimental demonstration constitutes a 
fundamental block for future on-chip applications of quantum plasmonic circuits. 
1. Introduction 
Plasmonics provides the capabilities to localize and manipulate electromagnetic excitations 
within sub-wavelength scales, and therefore has great potentials in the miniaturization and 
scalability of photonic devices[1-5]. In recent years, the newly emerging field of quantum 
plasmonics[6,7] has become an active research area, which is mostly motivated by its potential 
applications in integrated plasmonic circuits for quantum information processing. Quantum 
plasmons excited by various quantum sources including single photon[8-10], two-photon 
entanglement[11,12] and squeezing[13] have been experimentally demonstrated. The 
fundamental physical characteristics of quantum plasmons have been investigated in intense 
light-matter interactions[14-16], quantum confinement effects[17], survival of entanglement 
and squeezing[11,18-20], decoherence and loss[8,11,18], perfect absorption of entangled 
photons[21] etc. Quantum plasmonic devices such as detectors[22,23], 
interferometers[9,24,25], and controlled-NOT gate[26] have been developed. The applications 
have been further extended to quantum plasmonic sensing and quantum plasmonic networks 
beyond the classical limit[27,28]. However, large-scale usage of quantum plasmons in quantum 
information processing still faces many technical challenges to be solved, such as reducing loss 
and enhancing efficiency of plasmon-based quantum optical logic gates, controlling the phase 
of quantum interference devices and understanding at what scale the quantum theory has to be 
considered in a plasmonic device. More importantly, the fundamental physical problem, how 
an arbitrary quantum state of light evolves through the coupling with plasmons, has not been 
investigated systematically. Physical understanding of quantum plasmons can be acquired in 
two steps through the evolution of various degrees of freedom of the optical field during the 
photon-plasmon conversion process. The first one is about the degree of freedom of single 
photons, e.g. polarization, spatial, temporal and spectral, which have been studied 
extensively[11,18,29]. However, the quantum fluctuations of photon-number degree of 
freedom and, moreover, the quasi-probability distribution in the phase space mark the 
difference between classical and non-classical optical fields, and are crucial for various 
quantum information applications[27,30,31]. Therefore, a complete understanding of the 
evolution of quantum fluctuations and coherence inside the plasmonic structure is indispensable. 
In this work we address this problem by applying the coherent-state quantum process 
tomography[32] (CSQPT) to a typical plasmon-assisted process, i.e. extraordinary optical 
transmission[33,34](EOT), in a metal-hole array. This transmission is largely attributed to the 
excitation of surface plasmon polaritons (SPPs) in the literature. Although subsequent 
theoretical and experimental work has claimed the presence of other surface waves[35] in this 
process, SPPs still play an important role in EOT process at visible and near-infrared 
frequencies. And it has been shown that such process can maintain certain quantum properties, 
for example, two-photons entanglement[11] and squeezing[13]. Here, we focus the character 
of far-fields in EOT process, by inputting a set of coherent states through a metal hole array 
and performing a tomographic reconstruction of the output states, we provide a complete 
characterization of the plasmon-assisted EOT process that spans the effect of the process in the 
photon-number Hilbert space. In particular, the reconstruction allows to predict the output state 
of any input states including non-classical ones. 
2. Coherent state quantum process tomography 
A quantum process 𝜀 can be described by a positive, trace-preserving linear map that transfers 
the input states to the output states over Hilbert space Η. Complete characterization of a 
quantum process therefore means to know the effect of the process on arbitrary quantum states. 
Assuming {?̂?𝑖} is the complete set spanning the single-mode Hilbert space, any input state can 
be decomposed as 
 ?̂?𝑖𝑛 = ∑ 𝑎𝑖𝑖 ?̂?𝑖.                                                           (1) 
Therefore complete characterization of a quantum process is equivalent to determine the 
output state 𝜀(?̂?𝑖) for each ?̂?𝑖. Once this information is acquired, one can predict the output 
state  ?̂?𝑜𝑢𝑡 = 𝜀(?̂?𝑖𝑛) through  
?̂?𝑜𝑢𝑡 = ∑ 𝑎𝑖𝜀(?̂?𝑖)𝑖 .                                                       (2) 
The challenge associated with this approach is the construction of the appropriate complete 
set. For the optical field a natural candidate is the photon-number, i.e. Fock basis {|𝑚⟩⟨𝑛|}. 
Under this basis, the process can be expressed as a rank-4 tensor 𝜀𝑘𝑙
𝑚𝑛 that relates the density 
matrix of the output state ?̂?𝑜𝑢𝑡 and that of the input state ?̂?𝑖𝑛: 
𝜌𝑘𝑙
𝑜𝑢𝑡 = ∑ 𝜀𝑘𝑙
𝑚𝑛𝜌𝑚𝑛
𝑖𝑛
𝑚𝑛 ,                                                     (3) 
where 𝜌𝑚𝑛
𝑖𝑛 = ⟨𝑚|?̂?𝑖𝑛|𝑛⟩,  𝜌𝑘𝑙
𝑜𝑢𝑡 = 〈𝑘|?̂?𝑜𝑢𝑡|𝑙〉 and 𝜀𝑘𝑙
𝑚𝑛 = 〈𝑘|𝜀(|𝑚〉〈𝑛|)|𝑙〉. Characterization of 
a quantum process can be achieved through the reconstruction of the tensor, which is known as 
the quantum process tomography (QPT). However, direct reconstruction of 𝜀𝑘𝑙
𝑚𝑛  requires 
superpositions of different Fock states as the probe states, which may be infeasible with current 
techniques. Luckily, there is another set of complete basis, the coherent states {|𝛼〉}, which is 
readily generated with the output of a laser. Any quantum state of light ?̂? can be written as a 
linear combination of density matrices of coherent states |𝛼〉 
?̂?𝑖𝑛 = 2 ∫ 𝑃𝑖𝑛(𝛼)|𝛼〉〈𝛼| 𝑑
2𝛼,                                               (4) 
where 𝑃𝑖𝑛(𝛼) is the state’s Glauber-Sudarshan P function and the integration is performed over 
the entire complex plane. The output state can be expressed as: 
?̂?𝑜𝑢𝑡 = 2 ∫ 𝑃𝑖𝑛(𝛼) 𝜀(|𝛼〉〈𝛼|) 𝑑
2𝛼.                                           (5) 
Thus, it is sufficient to know the output states of every coherent state |𝛼〉. In particular the 
process tensor in Fock basis can be reconstructed using[32]  
𝜀𝑘𝑙
𝑚𝑛 = 2 ∫ 𝑃𝑚𝑛(𝛼) 〈𝑘| 𝜀(|𝛼〉〈𝛼|)|𝑙〉 𝑑
2𝛼,                                     (6) 
where 𝑃𝑚𝑛(𝛼) is the P function of |𝑚⟩⟨𝑛|. In practical setups, experimental imperfections and 
statistical fluctuations are unavoidable. Therefore, instead of directly apply Eq. (6), maximum 
likelihood estimation (MLE)[36-38] can be used to mitigate of effect of noise. 
3. Sample and experimental setup 
In the experiment, we utilize a typical plasmon-assisted EOT system to investigate the 
fundamental mechanism inside the photon-plasmon-photon conversion process. The sample is 
a hexagonal metal-hole array in a 100-nm-thick Au film sputtered on a glass substrate, which 
is fabricated by using a focused ion beam system (FEI Helios 600i). Each circular hole has a 
diameter of 460 nm and the array period is 759 nm. The shape of the transmission spectrum of 
such hexagonal hole array does not depend on the input polarization [39]. Because of the 
plasmon resonance, the transmissivity of our sample is greatly enhanced to be 62.0% at 1080 
nm as shown in Fig. 1(a). The metal holes occupy ~33.4% of the area in our sample. The 
transmission efficiency 𝜂𝐵 normalized to the aperture area is 1.86, which indicates that the EOT 
effect happens [40]. The discrepancy between the experimental data and theoretical simulations 
is due to the imperfections in the fabrication. We prepare a set of probe states and transmit them 
through the sample. The quadrature distribution of the output states are measured with a 
homodyne detector, which allows to reconstruct the Wigner function and density matrix of the 
output state[41,42] as well as the process tensor.  
 
Fig. 1. Transmission spectrum of gold plasmon sample and Experimental setup. (a) The blue slope is EOT 
transmissivity slope and the red dot is theory transmissivity slope (FDTD simulation). Their characteristic peaks are 
both at 1080nm. Inset: The electron microscope photo of our metal-hole arrays fragment. Its full size is 65μm×65μm. 
Period is 759nm. Hole diameter is 460nm. (b) A coherent infrared light at 1080nm is amplitude modulated with an 
electrooptical modulator and passes through a calibrated neutral density filter to prepare the probe states that incident 
on the plasmonic sample. The output state is measured with a homodyne detector. The relative phases between the 
probe states and local oscillator of the homodyne detector are set with a piezoelectric transducer. EOM is amplitude 
electrooptical modulator. ND is neutral attenuation piece. BS is beam splitter. PZT is piezoelectric transducer. OSC is 
high frequency signal generator. LPF is low frequency filter. 
The schematic experimental setup is shown in Fig. 1(b). The signal field is a coherent 
infrared light at 1080nm, which is amplitude-modulated by an electro-optical modulator (EOM). 
The modulation frequency is set at 2 MHz and the applied voltage on the EOM is tunable 
between 0V and 10V. The modulated signal field is attenuated by a neutral density filter to 
prepare the probe states |𝛼⟩ with average photon number |𝛼|2 less than 10 and then is focused 
on the metal hole array sample. A two-lens system is used to reshape the incident beam to match 
the sample area. For the experiment we use 9 different probe states with the modulation voltage 
of the EOM from 0V to 8V with 1V increment, which give 𝛼 = 0, 0.1375, 0.2750, 0.4125, 
0.5500, 0.6875, 0.8250, 0.9625, and 1.100, respectively. The transmitted light after the photon-
plasmon-photon conversion process is measured with a homodyne detection system. The signal 
field passes through the metal hole sample and then interferes with a strong local field. The 
relative phase between the two fields is scanned by a piezoelectric transducer (PZT) from 0 to 
2π and tracked with an ancillary beam. A pair of photodiodes are used to detect the interference 
intensity and a subtraction is performed on the AC signals. The subtracted AC signal is sent to 
a lock-in system. After frequency mixing and low-frequency filtering, the signal is collected 
with an oscilloscope. Such homodyne detection method can efficiently increase the signal-to-
noise ratio in our measurement. We can obtain the quadrature information at different angles 
by slowly scanning the PZT with a frequency of 2Hz. 
4. Quantum state tomography 
First, we remove the sample and perform the quantum state tomography of the input coherent 
states at various modulation voltages to calibrate the input states and test the system. By 
scanning the phase of the local field between 0 and 2π, we collect 5×105 data points, which are 
equally divided into 20 phase sections. The collected data are used to reconstruct the density 
matrices ?̂?𝑖𝑛 in Fock basis of the input states with MLE[43]. The phase-space quasiprobablity 
distribution, known as the Wigner function can be calculated from ?̂?𝑖𝑛 
𝑊(𝑋, 𝑌) =
1
2𝜋
∫ ⟨𝑋 +
1
2
𝑋′|?̂?𝑖𝑛|
∞
∞
𝑋 −
1
2
𝑋′⟩exp (−𝑖𝑋′𝑌)𝑑𝑋′,                       (7) 
where 𝑋 and 𝑌 are two quadratures. 
The Wigner functions of the input states at 2V, 6V, and 8V modulation voltages are shown 
in Fig. 2(a), (c) and (e), respectively. Clearly, the center of the Wigner function moves away 
from the origin of the coordinates as increasing the modulation voltage since the amplitude of 
the input state increases with the modulation voltage. The Wigner functions possess Gaussian 
shapes and the distances between the centers and the origin are 0.2750, 0.8250, and 1.100, 
which corresponds to coherent stats |𝛼⟩ with 𝛼 = 0.2750, 0.8250, and 1.100, respectively.  
Next, we set up the sample and repeat above procedure to perform the quantum state 
tomography for the output states after the photon-plasmon-photon conversion. The measured 
Wigner functions of the output states are shown in Figs. 2(b), (d) and (f), which are 
corresponding to the input states in Fig. 2(a), (c) and (e), respectively. By carefully examining 
the input and output Wigner functions, we find the distance from the center of the Wigner 
function of the output state is reduced compared to that of the input state for all three states, 
which is due to the attenuation in the conversion process. Moreover, the Wigner function of the 
output state is rotated by 0.92 radian around the original with respect to the input state, which 
suggests the conversion process adds a 0.92 radian constant phase to the state. Such differences 
should be closely related to the mechanism of the plasmon-assisted EOT process.  
 Fig. 2. Wigner function of input and output light. (a/c/e) The Wigner functions of input fields W(X,Y)input with 2V, 6V 
and 8V modulation voltage of the EOM, respectively. (b/d/f) The Wigner functions of output fields W(X,Y)output with 
2V, 6V and 8V modulation voltage of the EOM, respectively. 𝛼𝑖𝑛 corresponds to the input state and 𝛼𝑜𝑢𝑡 corresponds 
to the output state. 
5. Quantum process tomography of metal-hole arrays 
The changes in the Wigner functions of specific input states do not reveal all the information 
about the conversion process. We further apply CSQPT on the EOT process with 9 coherent 
states. We collect the outcomes of the homodyne detectors for each output state, and apply 
MLE algorithm[44] to reconstruct process tensor 𝜀𝑘𝑙
𝑚𝑛. Here, 𝜀𝑘𝑙
𝑚𝑛 is a four-dimensional tensor. 
Since the EOT process has influences on both the amplitude and phase characteristics of the 
input states, we investigate them separately.  
We extract the diagonal elements of the tensor 𝜀𝑘𝑙
𝑚𝑛 to investigate the amplitude information 
(Fig. 3a). We choose m = n in the input state and k = l in the output state, which corresponds to 
the diagonal elements of the density matrices and describes the effect of the process on the 
photon-number distribution of the state. By analyzing the diagonal elements 𝜀𝑘𝑘
𝑚𝑚 of the process 
tensor, one can see the evolution of photon numbers from input field (m) to output field (k). For 
a given input photon number m, the output photon number k has a Binomial-like distribution, 
which hints the Bernoulli transformation of the process. By assuming a linear loss process with 
transmissivity T = 62.0%, we perform numerical simulations as shown in Fig. 3(b). By 
comparing the experimental results in Fig. 3(a) and the theoretical simulations in Fig. 3(b), we 
can get the fidelity F = 99.68% between the two matrices. Clearly, the EOT effect on the 
amplitude of the input state can be understood as a linear loss. 
 
Fig. 3. The results of CSQPT. (a)The diagonal elements of the process tensor 𝜀𝑘𝑘
𝑚𝑚 with input field index m and output 
field index k for an EOT process. (b)Numerical results of a linear loss process with transmissivity of 62.0%. (c/d/e) 
The off-diagonal elements of the process tensor Im{In[𝜀01
𝑚𝑛]} (c), Im{In[𝜀02
𝑚𝑛]} (d), Im{In[𝜀03
𝑚𝑛]} (e), where m and n 
represent the input field index in the Fock basis. 
In addition to changes in the photon-number distributions, the reconstructed process tensor 
also reveals the effect on the off-diagonal elements of the density matrix, i.e. the coherence 
between different photon-number components. In particular, we can acquire the effect of the 
process on the phases of the input state. Such information can be extracted from the tensor 
elements mapping the input state density matrix to certain off-diagonal element of the output 
state. For example, the phase value the 𝜌01
𝑜𝑢𝑡 element of the output state is determined by the 
phases Im{ln[𝜀01
𝑚𝑛]}  of 𝜀01
𝑚𝑛  process tensor elements[45]. To elaborate this relation, we 
decompose the process 𝜀 into a phase shift superoperator and a phase-symmetric process 𝜀′ 
?̂?𝑜𝑢𝑡 = 𝜀(?̂?𝑖𝑛) = ?̂?(𝜙)𝜀′(?̂?𝑖𝑛)?̂?†(𝜙) = 𝑒𝑖𝜙?̂?
†?̂?𝜀′(?̂?𝑖𝑛)𝑒−𝑖𝜙?̂?
†?̂?,                  (8) 
where 𝜙  is a constant phase shift. From Eq. (3), we can get the process tensor 𝜀𝑘𝑙
𝑚𝑛 =
|𝜀′𝑘𝑙
𝑚𝑛|𝑒𝑖𝜑𝑘𝑙
𝑚𝑛
∙ 𝑒𝑖(𝑘−𝑙)𝜙 and  
Im{ln[𝜀𝑘𝑙
𝑚𝑛]} = 𝜑𝑘𝑙
𝑚𝑛 + (𝑘 − 𝑙)𝜙,                                          (9) 
where 𝜑𝑘𝑙
𝑚𝑛 is the phase of 𝜀′𝑘𝑙
𝑚𝑛, which accounts for photon-number-dependent, i.e. nonlinear, 
phase shifts. 
Fig. 3(c), (d) and (e) show several phase values Im{ln[𝜀𝑘𝑙
𝑚𝑛]} of the EOT process, which are 
extracted from 𝜀01
𝑚𝑛, 𝜀02
𝑚𝑛, and 𝜀03
𝑚𝑛, respectively. Note for a phase-symmetric process, only the 
tensor elements 𝜀𝑘𝑙
𝑚𝑛 with 𝑘 − 𝑙 = 𝑚 − 𝑛 are non-zero[32]. The figures show that for given k 
and l, the phase changes are the same for various m and n, which well matches the prediction 
from the Wigner functions (Fig. 2). These results indicate that there is only a constant linear 
phase shift involved in the process. In addition, the average values of the phases of 𝜀01
𝑚𝑛, 𝜀02
𝑚𝑛, 
and 𝜀03
𝑚𝑛 are 0.9200, 1.8182, and 2.7849, respectively, which are linearly dependent on 𝑘 − 𝑙. 
In short, the metal-hole arrays apply a constant phase shift with a value about 0.92 radian to the 
input state. 
6. Discussion and conclusion 
Although to fully understand the photon-plasmon-photon conversion process requires a 
detailed microscopic model, the reconstructed process tensor suggests that the conversion 
process can be effectively described with a beam-splitter model plus a constant phase. With 
this model, the input field operator ?̂?𝑖𝑛 is transferred to the output field operator ?̂?𝑜𝑢𝑡 through 
the equation  
?̂?𝑜𝑢𝑡 = √1 − 𝜂?̂?𝑏𝑎𝑡ℎ + 𝑒
𝑖𝜙√𝜂?̂?𝑖𝑛,                                       (10) 
where ?̂?𝑏𝑎𝑡ℎ is the field operator of the lumped Markovian environment in vacuum, 𝜂 is the 
overall transmissivity and 𝜙 is the constant phase added by the process. The linear-loss model 
has been proposed in Refs. 8, 19 and tested with squeezed light[19] and heralded single 
photons[46]. Our tomography results go beyond the previous works by confirming validity of 
the model for arbitrary input states. Moreover, the new results also highlight the effect of the 
coupling process on the phase of the input state, which is closely related to quantum coherence. 
The model given in Eq. (10) can be applied to both classical and quantum optical field, and 
explains the extraordinary high transmissivity of light and entanglement survival[11,18-20].  
To summarize, we have performed complete quantum tomography to reconstruct a photon-
plasmon conversion process, i.e., EOT in a metal-hole array. Such reconstruction procedure 
discovers the fundamental characteristics including both the amplitude and phase information 
of a typical plasmonic process, which allows us to precisely estimate the interaction of arbitrary 
classical or quantum optical fields with such plasmonic structure, as well as to develop the 
microscopic model to interpret the process. Our experimental demonstration provides a 
fundamental understanding of a plasmon-assisted EOT process, which paves a way for the 
proper design of a quantum plasmonic components for future applications in on-chip quantum 
information processing. It should be noted that our experimental observations based on single 
input mode can be readily extended to the case with multiple optical modes. Since the 
applications of quantum plasmonics have been further extended to quantum plasmonic sensing 
and quantum plasmonic networks beyond the classical limit, the complete quantum tomography 
of various quantum plasmonic process will benefit the optimization of on-chip plasmonic 
devices. 
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